Rho proteins have been implicated in the regulation of multiple signal transduction processes. Some of the members of this family, including the rho gene from Aplysia californica and the human genes (rhoA, rhoB and rac-1), are proto-oncogenes since when properly mutated they can induce cell transformation, and the generated rho-transformed cells are tumorigenic when inoculated into mice. In addition to their tumorigenic activity, there is evidence suggesting that Rho proteins may contribute to the metastatic phenotype. However, all the experiments implicating Rho proteins or Rhoregulating proteins in the induction of metastatic potential are either indirect or have been performed in vitro. In this study we investigated whether cells transformed by rho oncogenes do have metastatic potential in vivo. We present evidence that cells transformed by the Aplysia californica rho gene, when injected directly into the blood stream are able to eciently colonize lungs and secondary organs, consistent with the acquisition of the metastatic potential. Moreover, tumors derived from subcutaneous injections of these rho-transformed cells are also able to metastasize in distant organs, a strong support to the hypothesis that Rho proteins play a role in the metastatic phenotype. Finally, cells transformed by the human oncogenes dbl, vav and ost, three well-known guanine exchange factors for members of the Rho family, or cells transformed by the activated human rac-1 or rhoA genes do also have metastatic potential when injected into the blood stream. These results demonstrate that signaling pathways regulated by Rho proteins play an important role in the acquisition of the metastatic phenotype in vivo.
Introduction
Small GTP-binding proteins are a large superfamily of proteins implicated in the regulation of diverse biological functions (Lacal and McCormick, 1993) . GTP-binding proteins bind guanine nucleotides and have GTPase activity. In the basal state, GTPases are bound to GDP as an inactive complex. After the appropriate stimulus, speci®c exchange factors lead to the release of the GDP molecule and its exchange for GTP. Once in the GTP-bound form they are able to activate downstream molecules or eectors. This molecular switch is disconnected when the intrinsic GTPase activity breaks down the bound GTP into GDP, and the molecule returns to its inactive form. Despite the variety of processes controlled by these proteins they are grouped in three families based on their sequence homology. Ras proteins are implicated in signal transduction processes leading to control of cell growth and dierentiation (Grand and Owen, 1991; Lacal and McCormick, 1993) , Rab proteins regulate vesicle trac and secretion (Grand and Owen, 1991; Lacal et al., 1993) and Rho proteins have been implicated in a number of cell functions such as cytoskeleton regulation (Paterson et al., 1990; Ridley and Hall, 1992; Ridley, 1995; Nobes and Hall, 1995) , signal transduction (Coso et al., 1995; Hill et al., 1995; Minden et al., 1995; Vojtek and Cooper, 1995; Perona et al., 1997) , control of cell proliferation (Perona et al., 1993a,b; Khosravi-far et al., 1995; Lebowitz et al., 1995; Olson et al., 1995; Prendergast et al., 1995; Leeuwen et al., 1995; Qiu et al., 1995a) and apoptosis (JimeÂ nez et al., 1995; Esteve et al., 1995) .
In agreement with a role of Rho proteins in cell proliferation, we have previously reported transforming activity of the rho gene from Aplysia californica (Perona et al., 1993a) . Overexpression in NIH3T3 cells of the Aplysia rho gene induces transformation and these transformed cells are tumorigenic when injected in nude mice. These results have been con®rmed recently by expressing activated versions of rhoA or rhoB in NIH3T3 cells Lebowitz et al., 1995; Prendergast et al., 1995) . In addition to Aplysia rho and the human rhoA and rhoB, another human member of the Rho family, rac-1 has been shown to be oncogenic (Qiu et al., 1995a; Leeuwen et al., 1995) . Moreover oncogenes such as ost, vav, and dbl, isolated from dierent human tumors are exchange factors for Rho proteins, suggesting that these oncogenes induce cellular transformation by activating Rho proteins (Horii et al., 1994; KhosraviFar et al., 1994; Quilliam et al., 1995) . Finally, recent reports indicate that transformation mediated by Ras proteins depend upon the presence of Rho proteins Qiu et al., 1995a,b) .
Metastasis is the most common complication in human tumors leading to patient death. Oncogenic transformation is the ®rst step for the generation of tumors, but it is not always associated with the metastatic phenotype suggesting that dierent proteins may be implicated in the induction of tumorigenic and metastatic behavior of the tumor cells (Miele et al., 1996) . It has been suggested that Rho proteins, in addition to their ability to induce cell transformation may have a role in metastasis. Thus, Rho proteins are implicated in cell motility which may be important for migration and metastatis (Takaishi et al., 1993 . met, the gene that codes for the receptor of the hepatocyte growth factor (HGF), also known as scatter factor (SF), delivers a signal into the cell that confers metastatic properties in vivo (Rong et al., 1994) . At least part of the intracellular signaling of HGFreceptor is mediated by Rho proteins Nishiyama et al., 1994) . Tiam-1, a gene related to the metastatic phenotype, codes for a protein with sequence homology with Rho exchange factors (Habets et al., 1994) and with ex vivo exchange activity for several members of the Rho family including Rac-1, Rho A and Cdc42 (Michiels et al., 1995) . Furthermore, rac-transformed cells have invasion properties in vitro (Michiels et al., 1995) and Rho proteins are involved in adhesion of leukocytes activated with chemoattractants through integrins (Laudanna et al., 1996) . Finally CD44, a membrane antigen associated with the metastatic phenotype, interacts in the cytoplasm with a protein complex composed by Erzin, Radixin and Moesin (ERM). The translocation of this complex from cytoplasm to the membrane has been reported to be controlled by RhoA (Takaishi et al., 1995) . All these results suggest a role of Rho proteins in the control of metastatic behavior. However there is no in vivo evidence available to con®rm this hypothesis. In this study we have taken the advantage of the high transforming ability of the rho gene from Aplysia californica to study the metastatic potential of Rho genes in vivo. The results shown demonstrate that activation of Rho proteins lead to the metastatic phenotype of tumor cells in vivo. We have extended our ®ndings to the human rho genes and demonstrate also the metastatic properties of NIH3T3 cells transformed by the human oncogenes rac-1, dbl, vav and ost.
Results

Generation of cell lines expressing the Aplysia rho gene
Several oncogenes have been described to induce the tumorigenic phenotype, however only malignant tumors are able to invade neighbour tissues and give rise to metastasis in distant organs. Previously our group has demonstrated that overexpression of the rho gene from Aplysia californica in NIH3T3 ®broblasts induces cell transformation and the tumorigenic phenotype (Perona et al., 1993a) . In the present work we have studied the behavior of rho-induced tumors in vivo. We investigated the metastatic properties of some of our previously characterised, transforming cell lines, such as WT15, WT16, V5 and V3 (Perona et al., 1993a) . In addition, and in order to avoid problems derived from extensive cell culture of these established cell lines, we have freshly generated new rhotransformed cell lines. V14-2-3 and V14-2-5 are two cell clones of NIH3T3 cells expressing the activated version of the rho gene from Aplysia californica (rho Val14). WT-2-1 clone was generated using the wild type gene. Also, in order to avoid clonality eects that may increase the metastatic properties of the selected cell lines, mass cultures of transfected cells expressing either the wild type rho gene (LP3-WT) or the activated version rhoVal14 (LP3-V14) were generated by G418 selection. Finally, tumor-derived cell lines were also established. Nude mice were injected subcutaneously with 1610 6 cells of LP3-WT or LP3-V14. After 45 (LP3-WT) or 57 (LP3-V14) days, tumors of about 1 cm diameter were excised, and derived cells grown in vitro and selected for G-418 resistant cells. The generated cell lines were designated as TWT1B (derived from LP3-WT) TV14-1 and TV14-2 (derived from LP3-V14).
Expression of the Aplysia Rho protein was assessed by Western-blot (Figure 1) . The anti-Rho antibody used is a commercial polyclonal serum raised against a 14 amino acids region from the human RhoA protein that is almost identical in the Aplysia californica Rho protein (Santa Cruz). This antibody was found to eciently recognize both the recombinant, E. coliexpressed and puri®ed RhoA and Aplysia Rho proteins (data not shown). In order to support that the high levels of protein expression were speci®cally derived from the exogenous Aplysia rho gene, the levels of mRNA expression were also investigated by Northern blot using the Aplysia gene as a probe. The observed levels of the Aplysia-speci®c mRNA expression were consistent with the levels of protein expression (data not shown). Only those cell lines that expressed the Aplysia Rho protein over basal endogenous levels were selected for further characterization.
Induction of metastatic properties by Rho expression
One of the most frequently used and accepted assays for analysis of metastasis potential is the determination of lung colonization by intravenously injected cells (Chen et al., 1993; Rong et al., 1994) . In order to study the metastatic potential of rho genes we injected the selected rho transformed cell lines and mass cultures in the lateral tail vein of nude mice as a way to determine their ability to induce metastasis (experimental metastasis assay). Figure 2 shows the percentage of surviving mice versus days after injection. Injection of control cells, parental NIH3T3 and NIH3T3 cells transfected with the empty vectors and selected with G418 (NIH3T3-Neo) had no activity, since at 70 days after inoculation all the mice injected were alive and healthy and had no detectable metastasis. However, the cells expressing the ras or met oncogenes were highly lethal when injected in nude mice as has been previously described (Rong et al., 1994) . Three weeks after injection all the v-met injected mice were dead and those injected with ras-transformed cells died after 4 weeks.
The cell lines expressing rho can ®t into two groups, one including the V14-2-3 and V14-2-5 cell lines that are as aggressive as those expressing ras oncogenes. A second group include the cell lines TWT-1B and TV14-2 (described in Figure 1 ), which showed a less aggressive behavior since mice injected with these cell lines survived for longer times. Further characterisation of the mechanisms involved in the acquisition of the metastatic property of the Rho-expressing cells, will be required to fully understand the basis of the dierence in their aggressiveness. The results from several experiments are summarized in Table 1 . Except for experiment #1 mice were monitored daily after injection until they died. Necropsy was practiced for analysis of experimental metastasis. As expected, the cause of death was multiple lung tumors in all cases (Table 1) . In experiment #1, one of the mice injected with each cell line was sacri®ced two weeks after injections and the rest four weeks after injection regardless of their status.
Where indicated, rho-induced metastatic lung nodules were isolated, cut into slices and cultured in petri dishes. The metastasis-derived cells were then selected for G418 resistance and designated as MC-TWT-20, MC-TV14-13, and MC-2-5-20. These newly generated cell lines derived from metastases were analysed for the rho protein expression (Figure 3a ) and mRNA expression (Figure 3b ). Rho expression was increased in MC-TWT-20, MC-TV14-13 and MC-2-5-2 compared with the original cells, LP3-WT, LP3-V14 and V14-2-5 respectively.
Mice were ®xed in 10% formaldehyde in PBS and microscopic analysis of histological preparations from several tissues was carried out as described under Materials and methods. Pathological analysis revealed that in addition to lung, other organs were also colonized including adipose tissue of the lung hilius and mediastinal lymph nodes. Representative lungs from mice injected with either control or rhotransformed cells are depicted in Figure 4 . The All the NIH3T3 cells used as control (NIH3T3/Neo, LP8-1 and Zip/Neo) were transfected with the corresponding plasmids carrying the Neo-resistance gene, and selected for G418 resistance. a Mice, represents the total number of injected mice in each experiment for the indicated cell line.
b Metas., indicated the presence (+) or absence (7) of metastases. Within brackets, the proportion of animals with metastases over the total number of animals injected as indicated.
c Organ, describes the organs aected by Macroscopic metastases. In exp. #2 microscopic analysis of several tissues was carried out, macroscopic mestatases were found only in lung. Adipose and Lymph N. indicate adipose tissue of the lung hilios and mediastinal lymph nodes respectively. d L.T.: local tumor, indicates the presence of tumor in the tail base over the anus. Data indicate the mice with a local tumor over the total number of injected mice intravenous injection of the rho-transformed cells led to the development of multiple and large metastatic tumors in the lung. Some of the tumors are indicated by arrows in Figure 4a . Macroscopical analysis revealed the replacement of the normal lung structure by invasion of the tumors ( Figure 4a ). As shown in Figure 4b , microscopic analysis con®rmed the fibrosarcomatous pattern of the invasive tumoral tissue (black arrow) which is typical of tumors derived from rho-transformed ®broblasts, as previously reported (Perona et al., 1993a) .
The metastases in organs other than lung were usually microscopic suggesting that the colonies in these organs were derived from cells that ®rst colonized lung and then left this organ to invade others. Probably large lung tumors killed the animals before these secondary metastasis grew further. Supporting this hypothesis we have found tumoral cells in lung blood vessels (Figure 4c ) as well as in heart cavities (not shown) in some of the animals analysed. Moreover, cells from these metastatic tumors were successfully selected using G418, further demonstrating its speci®c origin from the injected cells. The white arrow in Figure 4c indicates the normal microscopic structure of the lung, which is being in®ltrated by the tumoral tissue. Finally, a representative lymph node in®ltrated by the same kind of metastatic cells is shown in Figure  4d . The normal lymphatic tissue, pointed out by a white arrow, is almost completely substituted by the sarcomatous cells, pointed out by a black arrow.
Rho expression induces metastatic phenotype in the spontaneous metastasis assay
The data presented above suggested that Rho expressing cells have metastatic properties. In addition to the metastasis assay described there are others that resemble more accurately all the steps that tumor cells follow in vivo to give rise to metastases. In these alternative assays cells are not delivered directly into the blood stream, but instead they are injected subcutaneously allowing them to grow into a primary tumor. In order to investigate whether Rho expression induces a complete metastatic potential, we injected the cell lines subcutaneously in the foot pad of the mice. When a primary tumor of about 1 cm of diameter grew up, the leg was cut over the knee to eliminate the primary tumors. Then mice were allowed to develop metastases for several weeks. We describe this assay as spontaneous metastasis assay'. In this assay tumor cells have the chance to leave the primary tumor and give rise to metastases in other organs. The results from several experiments for the analysis of spontaneous metastasis assays are summarized in Table 2 . In these experiments, some of the Rho expressing cell lines were highly aggressive with similar time courses for the generation of the primary tumors as those of the rasand met-derived cell lines. In keeping with this highly aggressive behavior, the cell lines V14-2-3 and V14-2-5 killed 80 ± 100% of the injected mice after 10 weeks, while only 50% of the mice injected with the ras-or met-transformed cells died at the end of the experiment, 18 weeks after the injections ( Figure 5 ). No eect was observed with the control cells, NIH3T3 cells, 18 weeks after injections.
As in the experimental metastasis experiments, necropsy was carried out to determine the cause of death. It is interesting to note that spleen was the target organ in several of the cases of the mice injected with the rho-transformed cells (Table 2 and Figure 6 ). Most of the spleen metastases detected showed a multinodular growth pattern with spindle cells intermixing into the spleen sinusoids. Other cases as those of V5, V14-2-5, V14-2-3 and TWT-1B, presented several lung metastases and sometimes lymph node aectation. In other case (V14-2-3) a metastasis was detected in the calota growing into the subcutaneous tissue and in®ltrating the bone, although no invasion of the adjacent brain was observed. In this assay neither the ras-nor met-transformed cells were able to induce metastasis under the experimental conditions used. Since these cell lines were used only as controls, no further investigation was performed to unveil their properties. Deaths after injection of ras-or mettransformed cells were due to local recidiva of the primary tumors. In addition to those mice injected with ras and met, some of the mice injected with rho expressing cells presented local recidiva after removal of the primary tumor. This local recidiva may be a consequence of an incomplete elimination of the primary tumor. However, it is also possible that they are caused by aggressive tumors invading the surrounding tissues and/or local lymph nodes. In keeping with the last possibility, these local tumors have been shown to be in®ltrating at least in some of the cases studied (data not shown).
Cells transformed by human oncogenes involved in Rhosignaling pathways have metastatic properties
The above results of the in vivo metastatic properties of rho-transformed cells were obtained using the rho gene from Aplysia californica. The Aplysia gene has been found to have similar properties to the human rho genes in their transforming ability and also in their ability to induce apoptosis (JimeÂ nez et al., 1995; Esteve et al., 1997 submitted) . This is most likely due to the high degree of homology among dierent Rho proteins from Aplysia and humans (Chardin, 1993; Perona et al., 1993b) . However, it could be that some small sequence dierences may account for distinct biological activities and that human Rho proteins may not have metastatic properties. Thus, we decided to verify that the metastatic phenotype could also be observed in cells transformed with some of the human oncogenes that are involved in Rho-dependent signaling. The human rac-1 gene and three genes whose products are related to the regulation of Rho proteins such as dbl, vav and ost, were tested for their ability to induce metastasis. The dbl, vav and ost oncogenes belong to the family of exchange factors for Rho proteins which contain a Dbl-homology (DH)-region (reviewed by Cerione and Zheng, 1996) . DH-containing proteins activate Rho-like GTP-binding proteins by promoting GDP/GTP exchange. They are activated as oncogenes by deletion of their N-terminal regions. These proteins have been reported to act on a wide range of Rho proteins under ex vivo conditions. Thus, Dbl has been reported to function as an exchange factor for RhoA and CDC42 (Hart et al., 1991) , and Ost can be an exchange factor for RhoA and CDC42 (Horii et al., 1994) . However, they may have a more limited speci®city when tested in whole cells as Vav, which shows selectivity for Rac (Crespo et al., 1996) . Cells transformed by the human rac-1, dbl, vav, and ost oncogenes were generated as described in Materials and methods and elsewhere (Esteve et al., submitted) . Mice were injected into the lateral tail vein with 1610 6 cells and the appearance of any symptoms of disease scored for several weeks. Data were collected for a period of 16 weeks and are summarized in Table 3 . Figure 7 shows some examples of the tumors generated by the rac1, dbl, vav, and ost-transformed cell lines both at macroscopic and microscopic levels. The tumoral tissue (black arrows) is shown in the area of in®ltration of normal parenchyma (white arrows).
All the mice (n=4) injected with the dbl-transformed cells died within 10 ± 11 weeks of the injections, and all developed macroscopic lung metastasis. One of the animals was further analysed pathologically and the study indicated malignant tumors of ®brohistiocytical origin. Two animals were injected with the ractransformed cells, and both died spontaneously after 11 ± 15 weeks of injections. Macroscopic metastases were readily observed in the lung with both large and small size tumors, similar to those observed with the other genes analysed (Figure 7a ). Tumor cells had enlarged and pleomorphic nuclei with a high degree of histological aggresiveness (Figure 7b right) . The pathological analysis showed metastatic cells of mesenchymal origin in lung and heart tissues, with a low degree of histological malignancy. However, cytological atypias were observed. Abundant collagen ®bers with swirly appearance were observed in the lung metastases. The subendorcardic in®ltration showed abundant dysplasia and chondroic metaplasia ( Figure   7b , middle). Abundant cellular atypias and some necrotic areas were also observed with the generation of tumoral embolization in the mediastinal vein (data 3  3  3  3  3  3  3  3  3  3 0/3 0/3 3/3 (4.5) 0/3 3/3 (6) 3/3 (5.5) 3/3 (3.8) 3/3 (3.1) 3/3 (1.9) 3/3 (3) The NIH3T3 cells used as controls (Zip/Neo) were transfected with the empty pZip/Neo plasmid and selected for G418 resistance. In experiment #3, an additional control was used, the parental NIH3T3 cells without G418 selection. a Mice, are the total number of injected mice.
b Tumor, number of mice that developed a tumor in the foot pad over the total number of injected mice. Within brackets, the average weeks for the development of tumors with 1 cm diameter is indicated. c Macro, presence (+) or absence (7) of macroscopic metastasis. Within brackets, number of mice with metastases over the total mice analysed.
d Organ, are the organs aected by macroscopic metastasis. Not all the organs listed were found aected in all the animals with metastasis. Lymph N. indicates mediastinal lymph nodes.
e RD., indicates a local tumoral recidiva in the injected leg after the tumor was removed. Data indicate the number of mice with tumor recidiva over the total injected mice not shown). Finally, both vav-and ost-transformed cells were able to induce also metastatic growth in the lungs with the development of large tumors with a latency similar to that referred for rac-transformed cells. Macroscopic metastases were readily observed in the animals injected, and these metastasis were not further analysed microscopically. By contrast, none of the three animals injected with control NIH3T3 cells showed any symptoms of disease at 16 weeks of injection. The animals were sacri®ced and no detectable metastases were observed macroscopically.
In an independent experiment, NIH3T3 cells were transfected with the rhoA gene (mutated at 61 codon) under the control of the EF-Tu promoter, and selected for G418 resistance. Two mass cultures, RhoA.1 and RhoA.2 were selected along with the cells transfected with the empty vector. RhoA.1 expressed 5.5-fold the basal levels of the endogenous RhoA protein, while clone RhoA.2 expressed 2.4-fold, compared to the NIH3T3 cells (data not shown). Cells were injected into the tail vein as indicated under Materials and methods and all the animals were sacri®ced 10 weeks after injection regardless of their status. Metastases were found in two out of three of the animals injected with the RhoA.1 clone and one out of three of the animals injected with the RhoA.2 clone, but none in the animals injected with the parental cell line. Also, the metastases were smaller in those scored positive, relative to those observed for the other oncogenes investigated. All these results indicate that all the human genes tested that ®t into the Rho-signaling pathways (dbl, vav, ost, rac-1 and rhoA) induced the acquisition of the metastatic phenotype under in vivo conditions.
Discussion
Cell transformation is not always followed by the ability of the tumor cells to metastasize (Miele et al., 1996) . In fact, not all the known oncogenes are able to induce the metastatic phenotype in addition to the tumorigenic phenotype. It has been reported also that some oncogenes are able to induce metastatic properties in some speci®c cell lines but not in others (Davies et al., 1993; Tatsuka et al., 1996) . The NIH3T3 cells used as controls (Zip/Neo and NIH/pCEFL) were transfected with the empty pZIP/Neo of pCEFL plasmids and selected for G418 resistance.
a Mice, represents the total number of injected mice for the indicated cell line.
b Metas. indicates the presence (+) or absence (7) of metastasis. Within brackets, the proportion of animals with metastasis over total animal injected is indicated.
c Organ, describes the organs aected by Macroscopic metastasis. Latency refers to the time when metastasis was analysed. Scrf. means that the animal was sacri®ced at the indicated time with no symptoms of disease. Spt. means that the animal died either spontaneously or was sacri®ced with evident signs of sickness. Cells transfected with the empty vector of the rhoA expressing vector were selected and inoculated into nude mice as indicated. The animals were sacri®ced 10 weeks after injection. No evidence of sickness was observed in these animals when the experiment was ®nished Tumor cells must cover several steps to give rise to metastasis in distant organs (Ponta et al., 1994) . Previous studies suggested that members of the rho family may induce the metastatic phenotype in in vitro assays (Michiels et al., 1995) . We show here that rhotransformed cells are capable of inducing metastasis in two in vivo metastasis assays. The`experimental metastasis assay' is less restrictive than the`spontaneous metastasis assay', since the ®rst steps that tumor cells must follow in vivo to metastasize are overcome by delivering the cells directly into the blood stream. However microscopic studies have revealed that even in the less restrictive assay, rho-transformed cells are able to complete all the steps and give rise to secondary metastasis in organs other than lung. These results were also con®rmed in the spontaneous metastasis assay, where the rho gene analysed completed all the necessary steps for metastasis. Thus, the data presented in this study strongly support a role for Rho proteins in the induction of metastasis.
We have used primarily the rho gene from Aplysia californica which is highly homologous to mammalian rho genes, with 89 ± 92% identity and 96 ± 97% homology in the ®rst 180 aminoacids and 33 ± 50% identity and 50 ± 75% homology in the last 12 residues where all small GTPases diverge, including the human RhoA, RhoB and RhoC proteins (Chardin, 1993; Perona et al., 1993b) . In fact, these three human Rho proteins (A, B and C) are among themselves 89 ± 92% identical and 94 ± 99% homologous in the ®rst 180 residues and only 33% identical and 42 ± 75% homologous in the last C-terminal 12 residues. Finally, the major putative eector domain of Rho proteins is identical in the Rho protein from Aplysia and that of Rho A, B and C proteins. Despite this homology, Aplysia rho genes are as tumorigenic as the mammalian rhoA or rac-1 genes (Perona et al., 1993a; Khosravi-far et al., 1995; Lebowitz et al., 1995; Prendergast et al., 1995; Qiu et al., 1995) . This makes the Aplysia gene appropriate for the in vivo assays.
Metastatic activity was observed in cell lines transfected with either the wild type gene and the mutated version. However, the ratio of metastasis observed in the mice injected with the wild type version was four out of 22 (18%) mice injected, while the mutated version gave rise to metastasis in 28 out of 51 (55%) mice injected. This is in agreement with our previous ®ndings that although both wild type and activated mutants of Rho proteins are tumorigenic, the mutated version is more potent (Perona et al., 1993a,b) . The signi®cant and expected dierence found for the metastatic activity between wild type and the mutant, suggest the involvement of some of the known eectors for Rho proteins in this eect.
We have observed in vivo metastatic properties also with the human rhoA and rac-1-derived cells. Finally, cell lines transformed by human oncogenes known as guanine exchange factors for the Rho proteins, such as dbl (Hart et al., 1991) , ost (Horii et al., 1994) , and vav (Crespo et al., 1996) , were also tumorigenic and showed metastatic activity under similar conditions. These results are a very strong support for a role of Rho-dependent signaling in the regulation of metastasis in vivo. Rho proteins have been shown to aect a variety of cellular functions such as cell morphology, formation of stress ®bers and focal adhesions, cell motility, membrane ruing, cytokinesis, cell aggregation, smooth-muscle contraction, cytotoxicity and neurite contraction (reviewed in . Changes in cytoskeleton and motility may be important to complete the multi-step process required for the establishment of metastasis (Ponta et al., 1994) . In addition, several intracellular target enzymes for Rho proteins have been described, such as phosphatidylinositol 4-phosphate 5-kinase (PIP5K) (Chong et al., 1994) , phosphotidylinositol 3-kinase (PI3K) (Zhang et al., 1993) , and phospholipase D(PLD) (Bowman et al., 1993; Malcolm et al., 1994; Esteve et al., 1995; Kuribara et al., 1995) . PIP5K has been found increased in malignant tumors and several studies suggest a role for PLD in the induction of metastatic properties (Imamura et al., 1993; Pai et al., 1994; Williger et al., 1995) . These results suggest that the ability of Rho-transformed cells to induce metastasis is mediated by several intracellular Rho-activated enzymes that may include PLD and/or PIP5K. In addition, cytoskeletal alterations may also play a critical role in the metastatic process. RhoA has been proposed to aect the membrane localization of the complex Ezrin/Radixin/Moesin (ERM), which directly interacts with the CD44 glycoprotein (Takaishi et al., 1995) . CD44 is involved in cell adhesion and has been suggested to play a critical role in metastasis in both murine and human tumors (Gunthert et al., 1991; Matsamura Tarin 1992; Wielenga et al., 1993) . Furthermore, Rho proteins have been related to spreading of human monocytes (Aepfelbacher et al., 1994) and leukocyte adhesion through integrins (Laudanna et al., 1996) , further supporting their putative role in migration and metastasis. However, it is possible that other proteins related to adhesion and cell-to-cell contact, as well as some of the proteases associated to the metastatic phenotype such as collagenases and stromolisine, may be also activated by Rho proteins. This possibility should be explored and deserves further research eorts.
The involvement of Rho proteins in the regulation of cell growth and transformation has become clear from dierent approaches. NIH3T3 cells overexpressing the Aplysia californica rho gene are tumorigenic when injected into nude mice (Perona et al., 1993a) . RhoB is expressed transiently after stimulation by growth factors and transformation with oncogenes such as v-src and v-fms (Jahner and Hunter, 1991), and Ras-induced transformation requires Rho proteins as downstream elements Qiu et al., 1995a,b) . Rho proteins seem to be involved in the degradation of p27Kip1 (Hirai et al., 1997) , a key protein involved in the regulation of the G1 to S transition. Finally, other intracellular enzymes that have been reported to be activated by Rho proteins, including several kinases (Chong et al., 1994; Zhang et al., 1993) and transcription factors (Hill et al., 1995; Perona et al., 1997) , could also play an important role in Rho-induced metastasis.
Besides the strong evidence linking signaling cascades regulated by Ras and Rho proteins, Rhoinduced metastasis seems to be an uncoupled signal from Ras-dependent transformation, at least in the system investigated. These results are also in agreement with the recently reported eects on SRE, where Rasand Rho-induced activation of SRE follow independent pathways (Hill et al., 1995) . Also, Ras-and Rhoinduced activation of NF-kB follow independent pathways (Perona et al., 1997, and unpublished results) . Further work would be needed to determine the eectors of Rho proteins which may be responsible for the induction of the in vivo metastatic phenotype described in this study.
Materials and methods
Cell culture and reagents
Normal NIH3T3 mouse ®broblasts as well as all NIH3T3 derived cell lines were grown in Dulbecco's Modi®ed Eagle's medium (DMEM) supplemented with 10% new born calf serum (Gibco) under standard conditions of temperature (378C) humidity (95%) and carbon dioxide (5%). Some of the rho Aplysia expressing cells were described previously (Perona et al., 1993) and others were freshly generated using an LTR-driven vector (pZIP). Transfections were carried out by the calcium phosphate method (Chen and Okayama, 1987) with minor modi®cations. The ras-and mettransformed cell lines have been described previously (Peso et al., 1996) . The cell lines transformed by rac-1, dbl, ost and vav used in this study are mass cultures of NIH3T3 cells transfected with the corresponding activated genes and selected with 1 mg/ml of G418. These cell lines have been fully described elsewhere (Esteve et al., submitted) .
Western-blot analysis of protein expression
Cells were grown under standard conditions until they reached con¯uence. Then cells were washed twice with icecold TD buer (137 mM NaCl, 5 mM KCl, 1 mM Na 2 HPO 4 , 20 mM Tris, pH 7.4) and lysed in 300 ml of ice-cold lysis buer (50 mM Tris, pH 7.4, 0.25% NP-40, 0.25% SDS, 150 mM NaCl, 15 mM b-Glycerophosphate, 10 mM Na PPi, 50 mM Na F, 10 mg/ml aprotinin, 1 mM PMSF). Nuclei and detergent-insoluble material was removed by centrifugation at 13 000 r.p.m. in a microfuge for 15 min. The resulting supernatants were assayed for estimation of total cell protein (Bio-Rad) and equal amounts of cell lysates (30 mg) were boiled at 958C for 5 min in SDS ± PAGE sample buer. For Western blot analysis, proteins were electrophoresed onto 10 or 12% SDS ± PAGE gels poured in 20620 cm glass plates. Resolved proteins were transferred to nitro-cellulose and blots were blocked for 1 h in 4% non-fat dried milk in T-TBS (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.05% Tween 20). Blots were incubated 1 h with a polyclonal sera raised against 119 ± 132 aminoacids in RhoA protein (Santa Cruz, SC-179) and developed by ECL (Amersham).
Northern-blot analysis of mRNA expression
Con¯uent dishes were washed twice with ice-cold TD buer (137 mM NaCl, 5 mM KCl, 1 mM Na 2 HPO 4 , 20 mM Tris, pH 7.4) and lysed in 1 ml of Ultraspec TM (Ultraspec TM -II RNA isolation system, Biotecx) and mRNA extracted according with manufacturer instructions. Ten mg of total RNA were denatured by treatment with formaldehyde and formamide and electrophoresed in 1% agarose-formaldehyde gels (2.2% formaldehyde).
RNAs were transferred by capillary action to 0.45 mm nylon membranes (Nytran NY 13N, Schleicher & Shuell) and ®xed to the membrane by u.v. irradiation. RNA loading was controlled by staining on membranes with methylene blue or by ethidium bromide staining of RNAs. Membranes were pre-incubated 15 min in 16PSE (330 mM sodium phosphate pH 7.2, 7% SDS, 1 mM EDTA) prewarmed to 658C. Probes were labeled with g -32 P-dCTP (3000 Ci mmol 71 , Amersham) by random priming (Ready to go TM DNA labeling kit, Pharmacia) using 40 ng of the 570 bp BamHI insert from pZIP-neo-rho V14 (Perona et al., 1993) containing the full-length Aplysia rho Val 14 cDNA. Filters were hybridized for 12 ± 24 h at 658C in 16PSE without formamide, washed at 658C in 0.16PSE, and exposed to X-ray ®lm with an intensifying screen.
In vivo metastasis assays
The in vivo metastasis assays were carried out as previously described (Chen et al., 1993; Rong et al., 1994) . Before injection cells were trypsinized for a short time and Trypsin inactivated by serum. Then cells were pelleted by centrifugation and resuspended in serum-free DMEM at 10 6 cells in 50 ml (`spontaneous metastasis assay') or at 5 ± 10610 5 cells in 100 ml (`experimental metastasis assay'). Just after resuspension in serum-free DMEM cells were injected subcutaneously in the foot (`spontaneous metastasis assay') or directly in blood stream (`experimental metastasis assay') by injection into the lateral tail vein. In the spontaneous metastasis assay, injected cells were left to yield a tumor of 1 cm in diameter, then the tumor was excised by cutting the leg over the knee. After tumor removal mice were followed until they died. All experiments were done in nu/nu male mice and animals treated according to the current laws about animal experimentation.
Preparation of samples for pathological analysis
Mice were ®rst analysed for macroscopic metastasis and scored as positive or negative. Where indicated, mice were further analysed for the con®rmation and characterization of metastatis. Tissue specimens were ®xed in 10% formalin in phosphate buered solution (PBS) for at least 24 h at room temperature, dehydrated and embedded in paran. Paran sections were cut, mounted on poly-lysine coated glass slides, and deparanized. Hematoxylin and eosin stained sections of dierent organs were evaluated for the presence of metastatic cells.
